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We investigated photogeneration yield and recombination dynamics in blends of poly(3-hexyl thiophene) 
(P3HT) and poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-l,4-phenylenevinylene] (MDMO-PPV) with [6,6]- 
phenyl-Csi butyric acid methyl ester (PCsiBM) by means of temperature dependent time delayed collection 
field (TDCF) measurements. In MDM0-PPV:PC6iBM we find a strongly field dependent polaron pair dissoci- 
ation which can be attributed to geminate recombination in the device. Our findings are in good agreement with 
field dependent photoluminescence measurements published before, supporting a scenario of polaron pair dis- 
sociation via an intermediate charge transfer (CT) state. In contrast, polaron pair dissociation in P3HT:PC5iBM 
shows only a veiy weak field dependence, indicating an almost field independent polaron pair dissociation or a 
direct photogeneration. Furthermore, we found Langevin recombination for MDMO-PPViPCgiBM and strongly 
reduced Langevin recombination for P3HT:PC5iBM. 

PACS numbers: 

Keywords: organic semiconductors: polymers: photovoltaic effect; photocurrent: time-delayed collection field: recombina- 
tion; geminate: nongeminate; charge transfer state 



The high interest in organic photovoltaics lead to rapidly 
rising solar cell efficiencies during the last years, reaching 
8.3% Ol] for a single junction device and even above 10% 
for tandem architectures. Despite these impressive achieve- 
ments, improvements of device efficiency and lifetime remain 
still high on the agenda. An important step for further op- 
timizations is the understanding of the device performance 
limiting processes, such as charge photogeneration and re- 
combination (si |4|]. A fast generation of free charge caiTi- 
ers with high yield is desirable to ensure high power conver- 
sion efficiencies. The dissociation of singlet excitons into free 
charge carriers may occur either directly [5| or via an inter- 
mediate step involving Coulomb bound charge transfer (CT) 
states The latter pathway may have serious drawbacks, 

e.g., due to recombination of charge pair states to long-lived 
lower lying electronic states |8, 9]. The presence or absence 
of intermediate states becomes evident in the electric field de- 
pendence of free charge carrier generation. The photogenera- 
tion and recombination dynamics can be investigated by time- 
delayed collection field (TDCF) measurements. This method 
was introduced by Moit |10] in 1980 who investigated gem- 
inate and nongeminate recombination in amorphous silicon. 
Duiing the last years, it has also been applied to organic bulk 
heterojunction (BHJ) solar cells to study the generation, re- 
combination and lifetime of charge carriers ifTull^ . 

Here, we investigated organic BHJ solar cells containing 
blends of either MDMO-PPVrPCeiBM or P3HT:PC6iBM by 
temperature dependent TDCF measurements. We observed a 
strongly field dependent polaron pair dissociation in blends of 
MDMO-PPV:PC6iBM, which is in good agreement with its 
CT exciton binding energy of up to 200 meV, determined by 
photoluminescence measurements ifisi [Till . In contrast, an al- 
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most field and temperature independent charge collection was 
experimentally found in PSHTiPCgiBM. In addition, we dis- 
cuss the nongeminate recombination dynamics in both blends 
and distinguish between Langevin recombination in MDMO- 
PPV:PC6iBM and a strongly reduced Langevin recombina- 
tion in P3HT:PC6iBM. 

All samples presented here were processed on 
indium tin oxide (ITO) covered glass substrates 
on which we spincast a thin layer of poly(3,4- 
ethylenedioxythiophene):poly(styrenesulfonate) (PE- 
DOT:PSS). In a subsequent step the active layer consisting 
of either PSHTiPCgiBM or MDMO-PPViPCgiBM (1:1 and 
accordingly 1:4 weight ratio dissolved in chlorobenzene) 
was applied. The active layer thicknesses were 155 nm 
and 90 nm, respectively, as determined by a Veeco Dektak 
150 profilometer Before the the final step of evaporating 
metal contacts consisting of Ca (3 nm) and Al (100 nm), the 
devices containing P3HT:PC6iBM were thermally annealed 
on a hotplate for 10 minutes at 130 °C. The studied samples 
had active areas of 3 mm^ and exhibited power conversion 
efficiencies of 3.2% (P3HT:PC6iBM) and 1.6% (MDMO- 
PPV:PC6iBM) with fill factors of 66% and 53%, respectively. 
To determine the photovoltaic performance, we used a Xe arc 
lamp which was adjusted to standard testing conditions \ . 
All steps from applying the active layer to the photovoltaic 
characterization were peiformed in a glovebox system under 
N2 atmosphere. The devices were transferred to a He cryostat 
for temperature dependent TDCF measurements. 

For charge carrier generation in TDCF measurements, we 
used short laser pulses (< 80 ps) of a 532 nm neodymium- 
doped yttrium aluminum garnet (Nd:YAG) laser with a low 
repetition rate of 5 Hz to prevent electrical charging of the 
device. The device under test was either kept at a constant 
prebias (-5 V < Vpre < 1 V) for a variable delay time (150 ns < 
tdeiay < 100 /Ji) or, vice versa, the delay time was kept constant 
while varying the prebias. Right after the delay, all remaining 
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charges were extracted by a negative collection voltage {Vcoi 
= -6 V) to avoid recombination losses during charge extrac- 
tion. To account for capacitive effects, we corrected all mea- 
surements by subtracting the corresponding extraction current 
transient taken without laser pulse. 

The photocurrent response measured is a displacement cur- 
rent displaying two peaks: The first one is due to the pre- 
bias Vpre during the delay time and the second one due to 
the collection voltage Vcoi during charge extraction. Hence, 
the integral over these two peaks, one corresponding to the 
charge collected during the prebias Qpre and the other one to 
the charge extracted during collection bias Qcoi, is expected to 
be equal to the sum of all charge displacements Qtot- 

For low laser pulse fluences we observed a linearly increas- 
ing Qcol with increasing illumination intensity {Vpre = V). As 
previously shown by Kniepert et al. |12] such behavior indi- 
cates the absence of nongeminate recombination in the active 
layer of the device. We therefore selected this regime for our 
studies of field dependend photogeneration. At higher illumi- 
nation intensities, the extracted charge density increases only 
sublinearly, as photogenerated charge carriers are lost due to 
nongeminate recombination and can no longer be extracted by 
the collection field. 

Taking these findings into account, we performed field 
and temperature dependent TDCF measurements in blends of 
MDMO-PPV:PC6iBM and P3HT:PC6iBM. The delay time 
(385 ns) and collection voltage (-6 V) were set constant and 
the prebias was varied between -5 V and the individual open 
circuit voltage of the respective device. The corresponding 
results are shown in Figure [T] 

In MDMO-PPV:PC6iBM (Fig. [H top) we observed a 
strong field dependence of Qtot- The saturation value at Vpre = 
-5 V decreases with applied field reaching 70% of the initial 
value for zero internal field under open circuit conditions. At 
high negative fields exceeding the Coulomb attraction poten- 
tial, the influence of geminate recombination is negligible. As 
we already ruled out the influence of nongeminate recombina- 
tion for negative prebias by measuring at very low light inten- 
sities, the field dependence observed in Fig.[T](top) is mainly 
due to the field dependent charge photogeneration. The pho- 
tocurrent becomes more strongly field dependent at low inter- 
nal fields, i.e. under positive prebias close to or under open 
circuit conditions, which is due to a combination of field de- 
pendent charge photogeneration in addition to nongeminate 
recombination. In general, the field dependent photogenera- 
tion is in good agreement with charge separation via charge 
transfer (CT) states, accounting for a considerable CT exciton 
binding energy of up to 200 meV, as determined by photolu- 
mmescence measurements 

In contrast, P3HT:PC6iBM (Fig. [1] bottom) shows a higher 
amount of charge and only a rather low field dependence of 
about 20% for Qtot between and -5V, and probably less than 
10% between open and short circuit conditions. Previously, 
a field dependence of approx. 15% between open and short 
circuit conditions was reported based on Monte Carlo simula- 
tions [16] and photocurrent experiments [17). Recently, tran- 
sient absorption measurements indicated fast direct genera- 
tion of free charge carriers with a fraction of about 15% gemi- 
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FIG. 1 : (Color online) Integrated charge from field dependent TDCF 
measurements. The MDMO-PPViPCeiBM 1:4 blend (top) shows 
a strong dependence on the electric field due to geminate recombi- 
nation, indicating charge separation via a CT state. In contrast, the 
P3HT:PC5iBM 1:1 (bottom) blend shows a low field dependence and 
therefore almost no influence of geminate recombination on charge 
separation. 



nate recombination in a P3HT:PCBM thin film under open cir- 
cuit conditions |5]. This high yields of photogeneration could 
point at an efficient polaron pair dissociation route via excited, 
or hot, CT complexes |6]. Bakulin et al. proposed that the 
field dependence of photogeneration is given by the energy 
needed to reach delocalized band states. 

Temperature dependent measurements for both material 
systems are presented in Fig. |2] For sake of comparability, 
the data was normalized to Qtoti-^y), although not all curves 
at low temperatures were saturated. Nevertheless, the temper- 
ature dependent effect for MDMO-PPV:PC6iBM (Fig. H] top) 
is clearly observable. The field dependence of the photogener- 
ation increases for decreasing temperatures and therefore ac- 
counts for a thermally activated process. This further supports 
the scenario of polaron pair dissociation via a CT state, as the 
binding energy of the CT exciton is more difficult to overcome 
at low temperatures. In contrast, in P3HT:PC6iBM (Fig. |2l 
bottom) no temperature dependence of the already weak field 
dependence can be found, consistent with a barrier-free pho- 
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FIG. 2: (Color online) Integrated charge from field and temper- 
ature dependent TDCF measurements. In the case of MDMO- 
PPViPCgiBM (top) a clear temperature dependence of the field 
dependent polaron pair dissociation is observable, indicating a 
thermally activated process. In contrast, no temperature depen- 
dence of the field dependent charge separation can be found for 
P3HT:PC6iBM (bottom). 



togeneration as noted above. 

To study nongeminate recombination in both blends, we 
performed TDCF measurements with a variable delay time 
of 150 ns up to 100 /js. Meanwhile prebias and collection 
field were set constant. The corresponding room temperature 
data for MDMO-PPViPCeiBM and P3HT:PC6iBM is shown 
in Fig. [3] The total amount of charges Qt„i decreases with in- 
creasing delay time due to bimolecular recombination of the 
photogenerated charges, as expected. To extract the Langevin 
recombination prefactor y we applied an iterative fit forward 
in time (dashed line) to Qcoi similar to the procedure applied 
by Kniepert et al. 112] • The model referred to is solely based 
on bimolecular recombination and in good agreement with the 
experimental data in the time range studied. The yellow (color 
online) dash-dotted line was calculated by the same model 
while accounting only for extraction, neglecting the bimolec- 
ular recombination. The Langevin recombination prefactor is 



FIG. 3: (Color online) Integrated charge from TDCF measurements 
of MDMO-PPV:PC6iBM (top) and P3HT:PC6iBM (bottom) at room 
temperature for different delay times. Qroi decreases for increasing 
delay times due to bimolecular recombination. The iterative fit for- 
ward in time to Q^oi is solely based on bimolecular recombination 
(black dashed line) and results in the Langevin recombination pref- 
actor. 

defined as dill 

Y=Cf^ (1) 

where q is the elementary charge, e the dielectric con- 
stant (here approximated with 3.5) and /j the aver- 
age electron and hole mobility. Concerning MDMO- 
PPVtPCeiBM, we extracted a Langevin recombination pref- 
actor of Y = 8.2 • 10-'^ With iJ = 3 ■ 10-^ ^ a 
reduction factor of ^ w 0.5 is found, which is close to unity. 
This indicates the Langevin recombination at room tempera- 
ture in blends of MDMO-PPViPCgiBM and is consistent with 
Hterature ll2Tll . 

In P3HT:PC6iBM, we determined y = 5.3 ■ lO"'^ 
which is in good agreement with literature lll2ll . With 
/J = 5.5 • 10^** [|22[|23ll we found a very low reduction factor 
of C «0.02. In contrast to MDMO-PPVrPCeiBM we observe a 
strongly reduced Langevin recombination in P3HT:PC6iBM, 
again in good agreement with previous works [|l8[[T9l . 
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To conclude, we studied charge carrier generation and 
collection yield in blends of MDMO-PPV:PC6iBM and 
P3HT:PC6iBM by temperature dependent TDCF experiment. 
In MDMO-PPV:PC6iBM, we found a strong field dependence 
of the polaron pair dissociation, which becomes even more 
pronounced at lower temperatures, indicating polaron pair dis- 
sociation via CT states. In contrast, only a weak field and 
no temperature dependence was found for P3HT:PC6iBM. 
These findings can be explained within the scenario of direct 
generation of free charge carriers or polaron pair dissociation 
via (hot) CT states in the respective blend system. Further- 



more, we determined the nongeminate recombination prefac- 
tors and conclude on a Langevin recombination in MDMO- 
PPViPCfiiBM and a strongly reduced Langevin recombina- 
tion in the case of P3HT:PC6iBM. 
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